Holonomic quantum computation (HQC) represents a promising solution to error suppression in controlling qubits, based on non-Abelian geometric phases resulted from adiabatic quantum evolutions as originally proposed. To improve the relatively low speed associated with such adiabatic evolutions, various non-adiabatic holonomic quantum computation schemes have been proposed, but all at the price of increased sensitivity of control errors. An alternative solution to speeding up HQC is to apply the technique of "shortcut to adiabaticity", without compromising noise resilience. However, all previous proposals employing this technique require at least four energy levels for implementation. Here we propose and experimentally demonstrate that HQC via shortcut to adiabaticity can be constructed with only three energy levels, using a superconducting qubit in a scalable architecture. Within this scheme, arbitrary holonomic single-qubit operation can be realized non-adiabatically through a single cycle of state evolution. Specifically, we experimentally verified that HQC via shortcut to adiabaticity can be optimized to achieve better noise resilience compared to non-adiabatic HQC. In addition, the simplicity of our scheme makes it readily implementable on other platforms including nitrogen-vacancy center, quantum dots, and nuclear magnetic resonance, etc. These results establish that HQC via shortcut to adiabaticity can be a practical and reliable means to improve qubit control for approaching the error threshold of fault-tolerant quantum computation.
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Introduction. In quantum information processing, desired operations are achieved by actively manipulating phase evolution of a quantum system under control. Such phase evolution may have a dynamical or geometric nature. In the latter case, as the system Hamiltonian undergoes a cyclic evolution in a parameter space, a pure geometric phase independent of the dynamical evolution accumulates [1] [2] [3] [4] [5] . Such geometric phase has been shown to be intrinsically resilient to certain types of noise [6] [7] [8] , therefore it may be used to implement fault tolerant geometric quantum computation, also known as GQC [9] [10] [11] [12] [13] [14] . In particular, the matrix form of non-Abelian geometric phase [2, 5] naturally leads to non-commutativity, making it suitable for implementing universal HQC [2] . Originally, geometric quantum gates were constructed through adiabatic evolutions [10, 11] , which require a long runtime to avoid transitions between the eigenstates. To overcome such a problem, non-adiabatic HQC (NHQC) schemes was proposed [14] , but it is sensitive to the systematic errors of the control Hamiltonian [15] .
On the other hand, the technique of "shortcut to adiabaticity" (STA) [16] [17] [18] [19] represents an alternative nonadiabatic approach to avoid transitions, which is realized by including an auxiliary term to the target Hamiltonian. The auxiliary term allows evolution of the modified system to reach the same state as the adiabatic evolution of the target Hamiltonian, which can be achieved without transitions among the instantaneous eigenstates of the target Hamiltonian. The working principle of the STA technique has been widely demonstrated in various experiments [20] [21] [22] [23] [24] [25] [26] [27] , including fast quantum state transfer with cold atoms [20] , acceleration of Bose-Einstein condensate in an optical lattice [21] , fast control of electron spins in NV centers [22] , and displacement of trapped ions with minimum excitations [23] . In addition, experiments have also confirmed the robustness of STA against dissipation and errors [20, 24, 25] .
Recently, STA-based techniques have been proposed for realizing of robust geometric quantum gates [28] [29] [30] [31] . However, the existing STA proposals involving nonAbelian geometric phases require, at least, four energy levels, making it technologically challenging for an experimental realization.
Here we propose an alternative way to achieve STA holonomic quantum computation (STAHQC) with only three energy levels instead of four, where any arbitrary geometric single-qubit operation can be realized in a single cycle of a non-adiabatic and non-Abelian operation. For the purpose of demonstration, we also report an experimental realization of this method using a Xmon superconducting qutrit, which is in a ladder Ξ structure (Figure 1a, b) . In this method, the pulse shape for STAHQC can be designed without obeying the constraint imposed in NHQC. In this way, we not only can have a better noise robustness against control errors, but also have more flexible choices for performing pulse-shape op-FIG. 1. Qubit structure and diagram for holomonic quantum computation. a, The Xmon qubit for our experiment, the control microwave pulse in our experiment is imported to the qubit from XY control line, and the qubit is dipersively coupled to a λ/4 resonatorfor readout, the qubit state can be inferred from the transmission line (TL) output signal S 21 . More detail about the superconductor circuit chip sample can be found in ref [38] . b, The ladder energy level structure of Xmon qutrit for holomonic quantum computation, the groundstate (|g ) and the second excited state (|f ) are taken as computational basis states |0 and |1 , respectively, while the first excited state (|e ) acts as an auxiliary state . Two drive tones with pulse envelope Ω 0 (t) and Ω 1 (t), time-dependent detuning couple the states |0 and|1 ,respectively, to auxiliary state |e , while their ratio (Ω 0 (t)/Ω 1 (t)) is different complex constant for different gate. c, Rotation angle γ for bright state is determined by the solid angle 2γ of the cyclic evolution in the subspace spanned by auxiliary state |e , and the bright state |b . d, Illustration for single holonomic gate in the computational basis space, one can obtain arbitrary single qubit gate by choosing specified parameters θ, φ and γ.
timization.
In the experiment, we constructed non-commuting holonomic gates from the STAHQC method, varying three independent parameters of the general SU(2) transformation group. Furthermore, taking into account of both control and environmental noises, the experimental results are in good agreement with our numerical simulations. Before optimization, the performance of NHQC and STAHQC are about the same; this is consistent when comparing [32] with the results of a recent experimental demonstration [33] of NHQC with superconducting qubits. However the approach of Ref. [33] is not universal; for many gates, it requires at least two cycles to construct, which takes a much longer time and makes the system more susceptible to noises. Additionally, the noise robustness of STAHQC can be significantly enhanced after optimization; the advantage of STAHQC over NHQC becomes more distinctive when the control error is increased.
Setting the stage.-Consider a three-level system, where the ground state |g and the second excited state |f are chosen as logic basis of a qubit, |0 ≡ |g and |1 ≡ |f , and the first excited state |e as an auxiliary state. The system is driven by a pair of microwave pulses whose frequencies are detuned from ω ge or ω ef by ∆(t), and have time-dependent amplitudes Ω 0 (t) and Ω 1 (t), and phases φ 0 (t) and φ 1 (t) (see Fig.1b ). When the two-photon resonant condition is satisfied [19, [34] [35] [36] , under the rotating-wave approximation, the system Hamiltonian can be written as (withh ≡ 1):
, where φ ≡ φ 0 (t) − φ 1 (t) and tan(θ/2) ≡ Ω 0 (t)/Ω 1 (t). We shall keep θ and φ, hence |b to be time independent. The above Hamiltonian can then be expressed as:
where
−iφ1(t) |e , and |E − (t) = cos ϕ(t)|b − sin ϕ(t)e −iφ1(t) |e , where ϕ(t) is defined by tan(2ϕ(t)) = Ω(t)/∆(t).
Note that while the two microwave pulses used for control can be fully specified by their amplitudes (Ω 0 (t), Ω 1 (t)) and phases (φ 0 (t), φ 1 (t)), the equivalent set of control parameters, namely (θ, φ, φ 1 (t), ϕ(t)), would be more convenient for our discussion later.
STA-based holonomic gates.-The central idea of STA [16] is to include an auxiliary term H a (t) to the Hamiltonian, H STA (t) = H 0 (t) + H a (t), such that the time dynamics is equivalent to that of adiabatic evolution, i.e., for each eigenstate
is the dynamic phase, and i T 0 E k (t)|Ė k (t) dt is the geometric phase. For our case, the following auxiliary Hamiltonian, H a (t) = iφ(t) e iφ1(t) |b e| + h.c., first obtained by Ref. [17] , can be applied to construct a 3-level STAHQC. Now, let us consider a cyclic evolution of H 0 (t) from t = 0 to t = T . During this interval, the eigenstates are varied in a cyclic fashion, which requires that ϕ (0) = ϕ (T ) = 0. Additionally, we impose another constraint at the middle, namely ϕ (T /2) = π/2, but it can be varied arbitrarily at other times. In this way, the eigenstate |E − (t) evolves from |E − (0) = |b to |E − (T /2) = |e , and back to |E − (T ) = |b . The corresponding evolution of |E − (t) is illustrated in Fig. 1c . On the other hand, the phase φ 1 (t) is varied in the following way: φ 1 (t) = γ 1 for 0 ≤ t ≤ T /2, and φ 1 (t) = γ 2 for T /2 < t ≤ T , where γ 1 and γ 2 are different constants.
As a result, the geometric phase, γ ≡ i state evolution. when θ = 0, the initial state (blue line with square mark) is dark state |d = |0 . The dark state dynamically decouples from the system and keeps unchanged during the gate cyclic evolution. b, Bright state evolution. At the initial time, |0 is the state |E − (0) = |b for the system when θ = π, φ = 0, γ = π, and the bright state |b (|0 at here) will acquire a geometric phase γ = π at the end of cyclic evolution. The experimental result is fitted well with numerical simulation.
be eliminated with a spin-echo pulse, i.e, a π-phase shift of the microwave applied halfway (t = T /2) of the control sequence. Furthemore, the dark state |d is always decoupled from the system, as H 0 (t) |d = 0. Consequently, in the subspace spanned by the two states of |E 0 = |d = cos(
, and
, the holonomy matrix associated with the above cyclic evolution operator is given by U sub = |d d| + e −iγ |b b|, which is nondiagonal in the computational basis {|0 , |1 },
where c x ≡ cos x and s x ≡ sin x. Alternatively, with n = (sin θ cos φ, sin θ sin φ, cos θ), we can also write U sub (θ, φ, γ) = e Since n and γ can be set to any desired values, the geometric gate U sub can be utilized to construct an arbitrary single-qubit geometric gate (see Fig 1.d) .
Experimental results and analysis. The three energy levels of our Xmon qutrit are characterized by, ω ge /2π ≡ ω q /2π = 5.655 GHz, and ω ef /2π = 5.407 GHz. The relaxation and dephasing times of the first and second excited states are T e 1 = 27 µs, T f 1 = 7.5 µs, T ge 2 = 6 µs, and T ef 2 = 3 µs, respectively. Level spacing of the qutrit can be fine tuned by a current on the Z control line. The control microwave pulses are applied to the qutrit through the XY control line. The qutrit is capacitively coupled to a λ/4 resonator (ω r /2π = 6.509 GHz) with a coupling strength of g r /2π = 41.3 MHz, which is in turn coupled to a transmission line. In the dispersive readout scheme [37] , the state of the qutrit can be deduced by measuring the transmission coefficient S 21 of the transmission line. More details about the sample can be found in Ref. [38] .
We first consider a set of gate operations with the fol- lowing Rabi frequency and detuning: (i) for 0 ≤ t ≤ T /2, we set Ω(t) = Ω a sin( 2πt T ) and ∆(t) = ∆ a cos( 2πt T ); (ii) for T /2 < t ≤ T , we set Ω(t) = −Ω a sin( 2πt T ) and ∆(t) = −∆ a cos( 2πt T ). Note that the dynamic phase accumulated during the cyclic evolution is automatically canceled. In addition, we can further adjust the control parameters (θ,φ,γ) to realize arbitrary single-qubit gate operations.
In the first part, we experimentally verify the behaviors of the dark and bright states. The qubit is initialized in the ground state |0 . For the realization of the Z gate, where we set θ = 0, φ = 0, γ = π, the ground state is the dark state, i.e., |d = |0 . Since the dark state is always decoupled, it should remain unchanged during the entire cyclic evolution (see Fig. 2a ). Alternatively, if we set, θ = π, φ = 0 and γ = π, it also yields a geometric Z gate. However, the initial state becomes the bright state instead, i.e., |b = |0 = |E − (0) . It follows the evolution of |E − (t) without transition to other states (see Fig.2  b) .
To demonstrate that an arbitrary SU(2) transformation can be achieved using our STA protocol, we experimentally verify that all the three parameters, θ, φ, and γ, can be varied continuously and independently. We first apply the following gate, U sub (θ, φ = 0, γ = π), to the initial state of |0 , and investigate the final state as a func- tion of θ, i.e., U (θ, 0, π)|0 = cos(θ/2)|0 + sin(θ/2)|1 . This gate operation corresponds to a rotation along the axis n = (sin θ, 0, cos θ) by an angle of γ = π (see Fig. 3a) . Then, we apply the following gate, U (π/2, φ, π/2), to the initial state (|0 + |1 )/ √ 2, which corresponds to a rotation along the axis n = (cos φ, sin φ, 0) by an angle of π/2; at the end, the system returns to the initial state, as shown in Fig. 3b . Finally, we demonstrate the geometric phase γ is also continuously tunable by applying a gate U (π/2, 0, γ) to the initial state of |0 . This gate operation is essentially a rotation along the x-axis by an angle of γ, as plotted in Fig. 3c .
Overall, the fidelity of the quantum gate is characterized by quantum process tomography (QPT). Since our STA scheme can generate arbitrary single-qubit gates, we may use them throughout the complete process tomography, including (i) initial-state preparation, (ii) quantumgate implementation, as well as (iii) final-state rotation for state tomography. For example, Fig. 3d shows the sequence of quantum process tomography using the following set of gates, I, H, X(π/2), and X, to generate four initial states, |0 , (|0 + |1 )/ √ 2, (|0 + i|1 )/ √ 2, and |1 , and investigate fidelity of the gates H, X(π/2), and X. The experimental results are shown in Fig. 4 . The process fidelities for H, X(π/2) and X are F H = 97.6±1.0%, F X( π 2 ) = 96.4 ± 1.0%, and F X = 96.6 ± 0.8%, respectively (see Fig 4. a-c) . The numerical simulation by master equation, taking into account of dissipation, gives fidelities of F H = 98.4%, F X( π 2 ) = 97.8%, and F X = 98.4%, which are in good agreement with the experimental results. The major source of errors come from decoherence and the decay processes along with dynamical control errors [39] .
In summary, we have experimentally demonstrated single-looped single-qubit holonomic gates based on the technique of shortcut to adiabaticity, which is robust against control errors and environmental noise [20, 24, 34] . Moreover, the STAHQC approach demonstrated here can be combined with optimal control [40] , to further enhance gate fidelity. It is also possible to extend it to construct two-qubit holonomic gate for achieving universal holonomic computation, by driving assisted coherent resonant coupling between interacting resonator and transmons [41, 42] . Finally, we remark that, currently, the further applicability of the 3-level STAHQC method to superconducting qubits is limited by the spontaneous emission rate of the excited state of the superconducting qubit. However, this method should be of interest to other platforms such as nitrogen-vacancy centers, trapped ions, quantum dots, and nuclear magnetic resonance, etc. The transmon(Xmon) [1, 2] can be regarded as a slightly anharmonic oscillator, which leads predominantly to allowed microwave transitions between neighboring energy levels. In other words, when a drive applied to a specific transition we interested, it also induced other unwanted transitions with quantum numbers differing by one. This unwanted additional transitions dynamical may contribute to the evolution and degrade the STA holonomic gates fidelity. Our analysis about the dynamical contribution is very similar as the work on nonadiabatic non-Abelian protocol in ref [2] . The complete hamiltonian including unwanted terms is [1] 
where N is the number of Xmon levels |i (i = 0, 1, ..N − 1) with energieshω i to be included in the model. Ω j (t)(j = 0, 1) denote the amplitude of the j th time dependent drive at frequency ω d,j (t) , which is slightly detuning with the transition|j ↔ |j
. Ignoring all rapidly oscillating terms in the interaction picture, we obtain the hamiltonian H 0 (t) in Eq. (1) of the main text.
We take the state transferring from state |0 to state|1 as example to show the influence of dynamical terms for our STA holonomic process, and the state density dependence on X gate evolution time is shown in Fig.1 , N = 5 transmon levels are taken into account. If dynamical terms isn't taken into consideration, the system Hamiltonian is as Eq. (1) in the main text, and the qubit state will completely transfer to |1 at the end of the X gate evolution with the auxiliary sate|e > remains unpopulated and the off-diagonal elements of state density being 0(dash lines in left and right figure). However, in the realistic situation, the dynamical terms will also contribute to the process evoltion, more specification, dynamical terms shift the state evolution trace with high frequency oscillations( solidlines in Fig.5 at here and
FIG. 5.
State density matrix diagonal elements(a) and offdiagonal elements(b) for X gate time evolution, the qubit is initialized at |0 . The dash lines are numberial simulation without dynamical contribution, while the solid lines are sate evolution of complete Hamiltonian with dynamical contribution. Dynamical terms shift the state evolution trace from the ideal evolution trace with high frequency oscillations, hence the final state may a little deviate from the expected state and results in infidelity. Fig.2 of main text ) . The auxiliary state and the higher level of transmon may not totally come back to unpopulated state, hence the final state will not be exact as ideal final state. the process fidelity for the state transferring from state |0 to state|1 by X gate is degraded to 99.16% due to the dynamical contribution. Similar numerical simulation can be applied to initial states in |1 , (|0 + |1 )/ √ 2, (|0 + i|1 )/ √ 2 with X gate, and the process fidelitites are 99.16%, 99.05% and 99.1% respectively. Hence the X gate process Fidelity degrades to 99.1% due to the dynamical contribution. Similar considerations can also be applied to analyse any interested gate operation, such as for gate H and X( π 2 ), the gate fidelities are 99.0% and 98.2% respectively, which means the gates infidelity induced from the dynamical contribution is dependence on the gates parameters θ, φ, γ.
B. Effect of decoherence
Dissipative processes including decay and decoherence always exist in any realistic quantum system, and these effects can spoil the novel properties of quantum system and degrade the process fidelity. To examine the impact of dissipation on our holonomies gates behavior, we apply the Lindblad Master equation to our system Hamiltonian. The Master equation is expressed aṡ where ρ is the density matrix of the considered system and H(t) is interaction Hamiltonian with or without dynamical terms. C n = √ γ n A n are collapse operators, and A n = are the operators through which the environment couples to the system in H(t), and γ n are the corresponding rates. In our Xmon ladder qutrit system, collapse operators including A 1 = |0 e|, A 2 = |e 1| for exited states decay while A 3 = |e e|−|0 0|, A 4 = |1 1|−|e e| for exited states decoherence. The decay time of first excited state is T e 1 = 27µs and the second excited state is T f 1 = 7.5µs, and dephasing times are T 0e 2 = 6µs and T e1 2 = 3µs ,respectively. The gate fidelities for X, H and X( π 2 ) all degrade to about 99.3% due to the dissipative processes by the master equation numerical simulation without the dynamical contribution.
When both the dynamical terms and dissipative effect are taken into account, the X gate fidelity further degrades to 98.4% , X( π 2 ) gate degrades to 97.8% and H gate degrades to 98.4%. The result is consistent because the process infidelity results from both the dynamical terms and dissipative effect. Our error analysis suggests two approaches to improve the holomonic process fidelity, one way is to improve dissipative behavior of qubit, another one is to minimize the dynamical contribution. The latter one can be realized by utilizing higher nonlinear qubit structure such as flux qubit.
